Abstract-The presence of obstacles between a mobile user and the serving access point might determine frequent link blockages that could be expensive in terms of signaling caused by handovers and antenna beamforming, especially in the perspective of millimeter wave communications. In this paper, an analytical framework to characterize the statistics of the link lifetime of a moving user in the presence of random obstacles with different sizes is derived for two different mobility models. Using statistical geometry arguments, closed-forms of the cumulative distribution function and the average link lifetime are obtained as a function of the distance, user's speed and direction, obstacles' density and size. The analytical framework is validated through simulations and allows to get insights on the impact of system parameters on the link lifetime.
I. INTRODUCTION
Link blockage can arise due to the presence of big obstacles, such as walls or cars in vehicular ad hoc networks, but also small obstacles like furniture and people in a crowded scenario might determine serious link blockages especially at millimeter waves (mmW). Together with user's mobility, blockages due to obstacles may force frequent handovers between access points (APs) and consequent signaling overhead or connection drops, especially if narrow beamforming is performed as expected in future mmW wireless systems. This could have a strong impact especially on device-to-device (D2D) or vehicular communications. As a consequence, such a phenomenon has received particular attention in the scientific community. Specifically, in addition to experimental campaigns [1] , many progresses have been made in the analytical characterization of the coverage probability in the presence of obstacles to get insights on the key parameters affecting the performance [2] - [3] .
In prior work, most of papers related to blockage models focus on characterizing the coverage probability for static wireless networks [4] - [6] . In [4] the authors proposed a stochastic framework to model random blockages in urban cellular networks and analyze the performance of cellular networks in urban areas. In [5] the coverage and capacity of mmW cellular systems are studied with focus on special factors such as the limited scattering nature of mmW channels and beam steering to provide highly directional transmission with limited hardware complexity. In [6] the authors proposed framework model based on stochastic geometry to characterize one and two-way signal-to-interference plus noise ratio (SINR) of mmW ad hoc networks with directional antennas, random blockages, and ALOHA channel access. The results show that mmW networks in the presence of blockage can support much higher densities and larger spectral densities compared with lower frequency communication. Moreover, the results indicate that the rate coverage of mmW can be much greater than lower frequency due to the increased bandwidth.
Unfortunately, for dynamic mobility models, coverage probability does not provide information about link blockages duration/rate as its evaluation usually does not include spatial/time correlation of the link state. Link lifetime is the proper figure of merit that should be introduced and characterized in order to account for user's mobility. In particular, link lifetime is defined as the time elapsed until a blockage or an out-ofrange (i.e., distance larger than the transmission range) are encountered when the mobile user is traveling along a certain path. While many progresses have been made in the analytical characterization of coverage probability, less results considering the link lifetime are available so far. In [7] the authors provided a set of requirements necessary to define a mobility metric and investigated the effect of link lifetime on the performance of mobile ad hoc networks. In [8] the probability distribution for the link distance between two randomly mobile radios is presented by considering two different deployment scenarios for the mobile locations, whereas in [9] the impact of radio channels and node mobility on link dynamics in wireless networks is studied. In all cases no obstacles are considered.
In this context the aim of this paper is to fill the gap in characterizing the link lifetime by proposing a new analytical framework (for dynamic mobility model) able to account for both users mobility and effects of blockages. In other words, we address for the first time, based on our best knowledge, the problem of characterizing the statistics of the link lifetime in the presence of random blocking objects. Specifically, we consider one of the most realistic scenario where we assume a mobile device moving along the straight line with constant speed. Further, a random number of obstacles located in random positions with different sizes is present. We derive closed-form expressions for the statistical distribution of link lifetime accounting for the shadowing effect caused by obstacles depending on their dimension and distance from the AP. In the numerical results we investigate the joint effect of the main system parameters such as the density and size of obstacles and the communication distance, from which network design guidelines can be easily obtained. Analytical results are compared with simulations with the purpose to assess their validity.
II. SYSTEM MODEL
As shown in Fig. 1 we consider a random number of objects (obstacles) distributed according to a Poisson point process (PPP) in a plane. Objects are completely blocking as usually happens when working at mmW using beamforming techniques. Since we are only interested in the shadowing effect of obstacles when located in between the mobile device and the AP, we approximate them by circles. The assumption might be a good approximation in the mmW wireless networks in which the reflections are weak due to the higher carrier frequency, and signals are highly directive with the deployment of adaptive antenna arrays at both transmitters and receivers [4] . To account for obstacles with different sizes, a number n of classes of objects with radius b i , i = 1, 2, ..., n distributed according to PPP and density λ i are considered. The following scenarios for the wireless link between the mobile device and AP are of interest:
• Circle Mobility Model: As shown in Fig. 1 we consider a wireless link between a mobile device moving for D meters at constant speed along a circle of radius R 0 from the serving AP located in the center. This model approximates situations where the radial movement is small compared to R 0 and/or D. Note that only objects inside the circle of radius R 0 might affect the link between AP and mobile device.
• Straight Line Mobility Model: As shown in Fig. 1 a more realistic scenario considers the mobile device moving for D meters along a straight line with constant speed starting from point B (Mobile Device) with angle θ.
The link between the mobile device and the AP is established if the mobile device is located in visible region, that is, it is outside all shadow sections determined by the objects. Now define the link drop condition as the event in which the mobile device when moving falls inside at least one shadow region. The link lifetime T L is the time elapsed from the initial position until the first link drop condition occurs. The purpose is to characterize the statistics of the link lifetime as a function of λ i , b i , D, θ and the initial distance R 0 for both mobility models.
III. CHARACTERIZATION OF THE LINK LIFETIME A. Circle Model Scenario
As shown in Fig. 2(a) we consider the mobile device moving within a sector of angle β = D R0 ≤ π at distance R 0 from the AP with linear speed v. In the presence of one object located in a random position within the circle R 0 , the probability that the shadow sector of angle α, created by the object, intersects the sector β defined by the mobile device is
We start the analysis by considering a single object of radius b located at distance r from the AP. As shown in Fig. 2(a) , the angle α of the shadow sector can be calculated by using simple trigonometric rules, where
When r b (small obstacles or large distances), (2) can be approximated as tan 
where
Under the approximation of (2) and given (3), the cumulative distribution function (CDF) of random variable (RV) α results
, zeros otherwise where P(E) denotes the probability of event E. The corresponding p.d.f. is
defined in the same interval. From (5) the expected value of α results
Note that ε(η) depends only on the ratio η = b/R 0 . The unconditional probability is
which is valid for 0 ≤ β ≤ π. Since there are n classes of objects, each with a random number of objects according to the Poisson distribution, the probability that a mobile device moving in a sector of angle β at distance R 0 is not shadowed by any object is 
Supposing the mobile device moves along the circle at constant linear speed ν, it turns out that the CDF of the link lifetime
being νT L = D.
From (8) we can note that the first term of P (arc) 0 (β) gives the probability that no shadows are present in a sector of angle β when considering punctiform objects. In fact exp −πλ i R 2 0 β/2 represents the probability that no obstacles of class i have their center in the sector of angle β. The second term accounts for object's dimension and its distance distribution and depends on the ratio η i = b i /R 0 through (6) and not on β. This is an interesting result which tells that the effect of object's size is not a function of the distance traveled by the mobile device. From the previous analysis the average link lifetime T A can be derived by differentiating (9) with respect to T L and taking the expectation resulting in
The derivation can be found in Appendix A. 
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B. Straight Line Scenario
As shown in Fig.2(b) we consider the mobile device moving along the straight line BC with constant speed v and angle θ. The mobile device will keep in contact with the AP for the entire trip from B to C if no object or part of it falls inside the communication region which is defined by the triangle ABC. Given an obstacle of radius b, it falls inside the communication region if its center is located inside the augmented triangle EFG as shown in Fig.2(b) . Since we consider there are n classes of objects distributed according to PPP, then the probability that no object falls inside the communication region can be expressed as
where (11) is approximated since there could be some obstacles with centers located at the edges that do not block the link. Fortunately the probability of this event is very low as confirmed by simulations. A(D; s i ; R 0 , θ) is the area of triangle EFG whose derivation can be found in appendix B, and s i is a scale factor which is given by (18). Supposing the mobile device moves at constant speed v, it turns out that the CDF of the link lifetime
From the previous analysis the average link lifetime T A can be derived by differentiating (12) with respect to T L and taking the expectation resulting in
where K 1 (.) is the Modified Bessel function of the Second kind.
IV. NUMERICAL RESULTS
Using the proposed analytical framework, in this section we investigate how the link lifetime in a wireless network is affected by the presence of random blocking obstacles. Moreover, we present some Monte Carlo simulation results to validate our analytical framework. For the sake of illustration and without loss of generality we study the effects of two classes of blocking objects (n = 2) if not otherwise specified and we normalize the link lifetime in both proposed models with respect to ν. i.e., ν = 1, so that numerically it corresponds to D.
In Fig. 3 the accuracy of our model when used to characterize a user moving along a straight line is presented and compared with the circle scenario in term of P L (T L ). From the results it can be seen that the circle scenario leads to a significant worse performance compared with a user moving along the straight line (more realistic scenario) and provides an upper bound of the link lifetime.
In Fig. 4 we study the effect of the initial distance R 0 on P L (T L ) for the straight line scenario. As expected, the initial distance has a significant impact on the link lifetime. In fact, given a fixed obstacles' density, the higher the distance the higher is the probability to encounter obstacles in between the mobile user and the AP. The effect of obstacle's size is shown in Fig. 5 in which it is evident that the error one could commit Fig. 6 . Results indicate that the impact of nodes' density is higher with small objects. In fact the average link lifetime decreases exponentially with respect to the density of obstacles and object's size according to different relationship as evident in (6) and (10) .
V. CONCLUSIONS
In this paper we have presented a stochastic analysis of the communication link lifetime between a mobile device and its serving AP in the presence of n classes of randomly located objects characterized by different densities and sizes. 
From (14), the average link lifetime T A can be derived
where the final result can be found in (10 As shown in Fig.7 we are interested in scaling the inner triangle ABC with the scale factor s in order to obtain the area of outer triangle EFG. In fact, based on geometric consideration, the area of the triangle EFG is given by
where A in (R 0 , D, θ) = 
where P in (R 0 , D, θ) is the perimeter of triangle ABC. By substituting (17) in (16) the scale factor s results
Finally, by substituting (18) in (16) the area of triangle EFG can be obtained.
